Background: Babies at risk of neonatal hypoglycaemia are often screened using cot-side glucometers, but non-enzymatic glucometers are inaccurate, potentially resulting in over-treatment and under-treatment, and low values require laboratory confirmation. More accurate enzymatic glucometers are available but at apparently higher costs. Objective: Our objective was to compare the cost of screening for neonatal hypoglycaemia using point-of-care enzymatic and non-enzymatic glucometers. Methods: We used a decision tree to model costs, including consumables and staff time. Sensitivity analyses assessed the impact of staff time, staff costs, probability that low results are confirmed via laboratory testing, false-positive and false-negative rates of nonenzymatic glucometers, and the blood glucose concentration threshold. Results: In the primary analysis, screening using an enzymatic glucometer cost NZD 86.94 (USD 63.47) while using a non-enzymatic glucometer cost NZD 97.08 (USD 70.87) per baby. Sensitivity analyses showed that using an enzymatic glucometer is cost saving with wide variations in staff time and costs, irrespective of the false-positive level of non-enzymatic glucometers, and where ≥78% of low values are laboratory confirmed. Where non-enzymatic glucometers may be less costly (e.g., false-negative rate exceeds 15%), instances of hypoglycaemia will be missed. Reducing the blood glucose concentration threshold to 1.94 mmol/L reduced the incidence of hypoglycaemia from 52 to 13%, and the cost of screening using a non-enzymatic glucometer to NZD 47.71 (USD 34.83). Conclusions: In view of their lower cost in most circumstances and greater accuracy, enzymatic glucometers should be routinely utilised for point-ofcare screening for neonatal hypoglycaemia.
Introduction
Neonatal hypoglycaemia is a common metabolic condition which, even if asymptomatic, carries a risk of poor neurological outcome [1] , although the severity and duration of hypoglycaemia that may result in poor neurological outcomes remain unclear [2] . The incidence is approximately 5-15%, but can be up to 50% in those with risk factors [3, 4] . Most cases (75%) of hypoglycaemia occur within the first 24 h after birth [3] , with screening and management usually confined to the first week.
Initial management of neonatal hypoglycaemia usually involves feeding or buccal dextrose gel. If the infant does not tolerating feeding, or there is an inadequate response, admission to the neonatal intensive care unit (NICU) for intravenous dextrose is usually indicated [5] . There are significant direct costs associated with treating hypoglycaemia, particularly if the infant is admitted to NICU. Although the extent to which treatment of asymptomatic infants changes the outcome is uncertain [2, 4] , if diagnosis and treatment of severe cases is inadequate, neurological complications, including developmental delay [6] , cognitive impairment [7, 8] , sensory impairment [7] , seizures [7, 9] , and cerebral palsy [1, 10] , may require ongoing management and support, resulting in considerable long-term financial and societal cost.
Most neonatal hypoglycaemia is asymptomatic, and although the risk of serious complications in asymptomatic infants is uncertain, the screening of infants at risk is recommended, requiring regular measurement of blood glucose concentrations [11] . Recommended thresholds for diagnosis and treatment of neonatal hypoglycaemia vary considerably [4, 5, 11, 12] , but 2.6 mmol/L (47 mg/ dL) is widely used as a treatment target [13] [14] [15] .
Laboratory enzymatic (e.g., glucose oxidase) methods of glucose measurement are considered the gold standard. Cot-side methods of glucose measurement provide convenience and rapid results, but often utilise non-enzymatic glucometers employing reflectance colorimeter and electrode methods, e.g., HemoCue ® Glucose 201 system (HemoCue, Ängelholm, Sweden), StatStrip ® Glucose Xpress TM device (Nova Biomedical, Waltham, MA, USA), and ACCU-CHEK ® Inform II device (Roche Diagnostics, Basel, Switzerland). Most non-enzymatic glucometers were designed for use in adults, with precision optimised for the normoglycaemic and hyperglycaemic ranges [16] . In the hypoglycaemic range, they have been shown to both overestimate and underestimate blood glucose concentrations [16] . Nevertheless, they are widely used to screen for and diagnose neonatal hypoglycaemia [14, 17] because they are commonplace for glucose monitoring in adults and older children with diabetes, are easy to use, and require only small amounts of blood [18] . Existing recommendations state that the use of non-enzymatic devices in neonates should be minimised, and results should be confirmed by laboratory testing if used as a screening method [5, 16] .
Point-of-care glucometers are available that use an enzymatic reaction (glucose oxidase or glucose dehydrogenase) to generate a current proportional to glucose concentration, including the Abbott ® i-STAT ® HAND-HELD portable blood analyser (Abbott. Princeton, NJ, USA) and AlereTM epoc ® Reader and Host2 Mobile Computer blood analysis system (Alere, Waltham MA, USA). Enzymatic glucometers have greater accuracy [5] and therefore do not require confirmation by laboratory testing, but the higher initial and apparent operating costs have limited their uptake. Nevertheless, it is possible that use of enzymatic glucometers might reduce the overall cost of neonatal glucose screening by avoiding the need for laboratory re-analysis. Improved accuracy may also reduce under-treatment and over-treatment.
We therefore undertook a cost analysis using a decision tree comparing bedside testing using non-enzymatic glucometers, which require abnormal results to be verified by laboratory testing, to enzymatic glucometers, which can directly inform management without re-testing.
Methods
A decision tree modelling approach was selected because the health events in question (detected hypoglycaemia) are either present or absent at each point of measurement, and occur relatively closely together [19] . The evaluation was undertaken from the perspective of a postnatal ward/hospital.
Incidence data used in the primary analysis to model the proportions of at-risk infants who develop neonatal hypoglycaemia, and those who experienced recurrent episodes, was extracted from the raw data from the Sugar Babies Study [3] . This study recruited infants at risk of hypoglycaemia: late preterm (35-37 weeks' gestation), small (< 10th percentile or < 2,500 g), large (> 90th percentile or > 4,500 g), infant of diabetic mother, or other. Blood glucose concentrations were measured 1 h after birth, then every 3-4 h before feeds for the first 24 h, and every 6-8 h for the subsequent 24 h [20] . Hypoglycaemia was defined as a blood glucose concentration of < 2.6 mmol/L. The decision tree model covered approximately a 1-week time horizon and compared two different approaches to point-of-care screening for neonatal hypoglycaemia in newborn infants identified as being at risk: 1. A non-enzymatic glucometer is used for the initial blood sample analysis. If a result is below the diagnostic threshold for hypoglycaemia, a repeat blood sample is processed using a laboratory analyser. Management is guided by the laboratory result. 2. A point-of-care enzymatic reaction glucometer is used for all blood glucose measurements and management is guided by the results. No confirmatory laboratory analysis is performed. Initial screening of infants at risk of neonatal hypoglycaemia is performed using either an enzymatic or a non-enzymatic point-ofcare blood glucose analyser (Fig. 1) . If results are below the thresh-old using an enzymatic point-of care device, the infant is treated for hypoglycaemia. If results are below the threshold using nonenzymatic point-of-care tests, they may be confirmed by laboratory testing (as per protocol) or treatment may proceed without confirmation (deviation from protocol).
In the primary analysis, the decision tree algorithm incorporated a glucose concentration threshold of 2.6 mmol/L, a cut-off value that is widely used internationally [5] and consistent with New Zealand practice guidelines [21] . Data were censored when an infant was admitted to NICU, because beyond that time glucometers are rarely used, and the costs of blood glucose measurements are very small compared to overall costs.
The costs associated with the two screening approaches fall into two main categories: consumables and staff time. Consumables include reagents involved in the analysis, which in handheld devices are incorporated into a strip or cartridge, the lancet used to draw blood, and capillary tubes used to collect the blood sample for analysis by enzymatic-reaction-based glucometers. Staff time includes time for sample collection, which is slightly longer with enzymatic glucometers because blood is collected in a capillary tube before being applied to the cartridge or card, whereas with non-enzymatic glucometers blood is directly applied to a test strip. We used estimates of staff time required to perform blood glucose measurement based on reports from multiple ward and laboratory staff who regularly perform these tests. In a clinical laboratory samples are processed in batches, and costs were derived by dividing the number of glucose tests performed on the laboratory analysers by the number of samples.
Costs were collected in 2015/2016 New Zealand dollars (USD 1 = NZD 1.37) ( Table 1 ). Staff costs were based on an hourly rate equivalent to the top of the salary range for a senior registered nurse or midwife (step 5) [22] .
To simplify the calculations we assumed that the same type of lancet was used to obtain blood for all testing methods. We assumed that nurses or midwives were the staff taking and analysing all samples, presuming past training in the use of the device. We also assumed that samples collected in micro-tubes were sent to the laboratory using a pneumatic tube or similar, thus excluding any additional costs for staff time required to transport samples to the laboratory. Sensitivity analyses were undertaken by varying the following parameters, selected because they were key drivers of the model, or because of known variability in practice: staff time to perform a blood glucose test; the probability that guidelines would be followed and that a low blood glucose concentration detected by nonenzymatic testing would be confirmed by laboratory testing; the threshold used to define hypoglycaemia and therefore the requirement for laboratory re-testing; and the accuracy (false-positive and false-negative rates) of non-enzymatic glucometers. 
Results
In the scenario used for the primary analysis, approximately half (52%) of at-risk infants developed hypoglycaemia with one third (33%) doing so at their first screening test, and the remainder (19%) on the next test after a single normal test. The mean number of blood glucose tests was 6.0 in at-risk infants who did not have hypoglycaemia, 7.0 in infants with an initial measurement below the threshold, and 11.1 in infants whose first measurement was above the threshold but who had a subsequent measurement below the threshold.
If non-enzymatic glucometer testing is assumed to be accurate and all glucose measurements below the threshold by non-enzymatic testing are confirmed by laboratory testing, then screening using an enzymatic glucometer costs NZD 86.94 (USD 63.47) while screening using a non-enzymatic glucometer costs NZD 97.08 (USD 70.87) per infant screened.
The following sensitivity analyses were performed (Table 2) .
Staff Time
The use of an enzymatic glucometer remains less costly even if the time to test with a non-enzymatic glucometer is reduced (2 min), if the time to test with an enzymatic glucometer is increased (8 min), or if both are simultaneously adjusted to thresholds of around 2 and 7 min, respectively. The non-enzymatic glucometer generally costs less than the enzymatic glucometer when the latter takes staff members 5 min longer to use.
Staff Costs
The use of enzymatic glucometers remains less costly over a wide range of staff costs up to NZD 56/h, with higher savings increasing for lower hourly staff costs. All costs are in New Zealand dollars (NZD) and converted at a rate of USD 1 = NZD 1.37. Staff costs are assessed at NZD 33.00/h (USD 24.09/h). Data were acquired by personal communications with New Zealand-based product distributors, public hospital laboratory staff, and research institute staff and records. Pricing information is generally not published publicly due to variances based on scale of purchases and/or existing wider contract relationships. Where cost information was received from more than one source for the same item or service, there was a generally good level of agreement between the values reported. However, caution is required if these findings are generalised to other locations. 
Confirmation of Results
Enzymatic glucometers remain less costly if the falsepositive rate of non-enzymatic glucometers is increased beyond zero, with the difference in costs increasing as the false-positive rate increases, as this increases the number of tests requiring laboratory confirmation. At a false-positive rate of 20%, the difference in cost per infant screened is NZD 24.35 (USD 17.77) in favour of enzymatic testing. Enzymatic glucometers are also less costly if the proportion of low blood glucose concentrations detected by a non-enzymatic glucometer followed up with a confirmatory test is reduced to 78%. If fewer than 78% of low results are re-tested, then non-enzymatic glucometers are less costly, but unconfirmed results may be false positives, each of which would increase over-treatment and associated costs.
Incidence of Hypoglycaemia
When the blood glucose concentration threshold for definition of hypoglycaemia is reduced to 1.94 mmol/L [11] , the incidence of hypoglycaemia falls to 13% in our dataset, and the use of a non-enzymatic glucometer is less costly as fewer laboratory confirmatory tests are used.
Accuracy of Non-Enzymatic Glucometers
Similarly, non-enzymatic glucometers cost more if their false-negative rate is ≤15%, but less with a higher false-negative rate (i.e., the incidence of hypoglycaemia is artificially reduced by more than 15%), although this is associated with more missed diagnoses.
Discussion and Conclusions
We performed a cost analysis comparing the use of non-enzymatic and enzymatic point-of-care glucometers in screening for neonatal hypoglycaemia. Use of a more accurate enzymatic glucometer results in cost savings compared to using a non-enzymatic glucometer under usual conditions. Non-enzymatic glucometers are often used to screen for neonatal hypoglycaemia because of their availability and familiarity. The initial purchase price and cost of ongoing use of enzymatic glucometers are commonly cited as reasons for persisting with screening using non-enzymatic glucometers. However, that does not take into account either the immediate implications of using a screening method with a level of accuracy that requires re-testing to verify abnormal results, or the long-term repercussions of failing to identify and treat cases of hypoglycaemia. The requirement for additional blood sampling to confirm low results also increases the number of invasive procedures performed on the newborn infant and may delay treatment where confirmation is required by laboratory testing. In preterm babies, numbers of painful procedures are themselves associated with neurodevelopmental impairment [23] . In addition, false-positive results can result in over-treatment, thus increasing costs as well as separating the infant from its mother, and interfering with the establishment of breastfeeding [24] , which may in turn have adverse long-term health and cognitive effects [25, 26] . Sensitivity analyses showed that the use of an enzymatic glucometer remained less expensive than a nonenzymatic glucometer, even if testing with a non-enzymatic glucometer takes less than half the time (3 vs. 7 min). In practice, once staff members are trained and familiar with cot-side devices, most report little difference in the time required for testing.
Our primary analysis takes the widely recommended position that results below the threshold measured by a non-enzymatic glucometer will be confirmed by laboratory analysis of a repeat sample [5, 11] . In practice this is not always done [14] . Sensitivity analysis showed that enzymatic glucometers would be cost saving provided at least 78% of non-enzymatic low results are confirmed. If more than 22% of low results are not confirmed, screening with a non-enzymatic glucometer has lower shortterm costs, but resulting missed hypoglycaemia and overtreatment have associated burdens for the infant, family, and healthcare system.
Recommendations for the diagnostic blood glucose concentration threshold for hypoglycaemia vary between guidelines. If a lower blood glucose concentration threshold is employed, such as the 1.94 mmol/L recommended by the American Academy of Pediatrics for infants beyond 4 h of age [11] , then the incidence of hypoglycaemia is markedly reduced (from 52 to 13% in our dataset). This results in a cost saving using non-enzymatic glucometers, as far fewer results require laboratory confirmation, but all patients with blood glucose concentrations between 1.94 and 2.6 mmol/L will remain untreated unless symptoms develop. Although we chose to use a lower but recommended blood glucose concentration threshold for this sensitivity analysis, these findings should be interpreted with caution, because the incidence data are taken from a population screened and treated with the aim of maintaining a blood glucose ≥2.6 mmol/L, which is likely to have considerably reduced the number of measurements < 1.94 mmol/L. In a population screened and treated entirely according to the American Academy of Pediatrics guidelines, fewer infants would have been treated and the incidence of hypoglycaemia is therefore likely to have been higher than in our sensitivity analysis, thus reducing the cost difference between enzymatic and nonenzymatic screening methods.
The use in clinical practice of an even higher blood glucose concentration threshold such as recommended by the Pediatric Endocrine Society [12] would increase the accuracy of non-enzymatic glucometers, but would require a greater number of repeat blood samples and laboratory analyses for confirmation [27] , as more infants will have a blood glucose concentration that falls below the higher threshold. Overall, that practice would be likely to increase costs as well as increase the number of invasive procedures and potentially introduce delays in management.
There are a number of limitations to this study. We employed a number of simplifications in the decision tree model. These include reducing the number of potential permutations of blood glucose concentration results down to a selection of representative cases to avoid a geometric increase in decision tree branches.
We also did not subject the costs of consumables to sensitivity analysis, as they were able to be provided with relative precision, with a good level of agreement when provided from multiple sources, and with a consistent ranking and relative magnitude of difference when compared between the scenarios modelled.
Excluded from this analysis were costs related to staff training and to initial device purchase or lease, depreciation, and maintenance and calibration, on the basis that these costs are shared across an array of tests beyond glucose and/or neonatal hypoglycaemia alone, and are small compared to glucose-testing-specific consumables and associated staff time. Costs of leasing or purchasing enzymatic glucometers varies significantly depending on the device selected as well as local pricing and institutional contract relationships (for example, a second device may be heavily discounted for existing customers). Even without these potential discounts, we estimate that the difference in the initial cost of purchase between enzymatic and non-enzymatic glucometers would be offset by the savings achieved over as few as approximately 380 infants screened.
We also excluded from our model any additional costs incurred in transporting samples to the laboratory for repeat testing after screening using a non-enzymatic glucometer, although these costs may be substantial, particularly if additional staff time is involved such as use of a hospital orderly. Data were censored where an infant was admitted to NICU, at which time costs of glucose monitoring become very small compared with the overall cost of care.
Finally, the time horizon we selected for this analysis does not take into account the costs associated with medium-or long-term outcomes of neonatal hypoglycaemia. Our analysis also did not examine the extent to which screening for neonatal hypoglycaemia with a less accurate device, and the over-treatment or under-treatment that may result from that, might alter long-term outcomes. Although the costs associated with any im-Neonatology 2018;114:155-162 DOI: 10.1159/000489080 paired neurodevelopmental outcomes are an important consideration when selecting any screening device, in the case of neonatal hypoglycaemia, in practice decisions about purchase of screening devices are commonly made on the basis of short-term costs in the absence of reliable data about long-term outcomes.
Non-enzymatic glucometers are widely used to screen for neonatal hypoglycaemia. It is hard to imagine another scenario in medicine where screening to guide diagnosis and management of a brain-threatening condition is commonly undertaken using an instrument known to be inaccurate and requiring abnormal results to be repeated, and which is justified primarily on the basis of apparently lower short-term costs. Our analysis shows that even under conservative conditions, a screening approach using enzymatic glucometers is likely to have lower direct costs, and also avoids the longer-term risks and costs associated with false-positive and false-negative results. In view of their lower cost under most circumstances and greater accuracy, enzymatic glucometers should be routinely utilised for point-of-care screening for neonatal hypoglycaemia.
